Introduction
As a major cause of mortality, cardiovascular disease (CVD) is becoming increasingly significant worldwide. 1 Mortality statistics in Korea show that CVD has caused around 59 000 deaths per year during past 10 years. 2 Elevated blood pressure has been observed as accelerating factor of CVD development. Consequently, elevated blood pressure has been reviewed for screening for CVD. The American Heart Association Council on Cardiovascular Disease in the Young supports the recommendation that all children X3 years of age should have their blood pressure measured in the course of routine health care. 3 Being overweight or obese in early childhood has been associated with an increased risk of hypertension mortality in adulthood. 4 Conversely, low body weight at birth has been accepted as a risk factor for hypertension in adulthood. [5] [6] [7] In a systematic review of these articles, Huxley found that not only being small at birth, but also subsequent accelerated postnatal growth tends to lead to high blood pressure from adolescent period. 8 Barker recently suggested the following sequence from his researches: low birth weight, subsequent obesity and ultimately hypertension. 9, 10 These findings led to the hypothesis that it is the postnatal adaptations in growth, rather than fetal growth restriction itself, that are the cause of blood pressure elevations in early life. We, therefore, examined whether intrauterine growth restriction or the subsequent catchup early postnatal weight gain lead to higher blood pressure in early life.
Materials and methods

Study population
The Institutional Review Board on Human Subjects at Ewha Womans University, Seoul, Korea, approved the protocol, and informed consent to participate was obtained from all of the subjects. Study subjects were drawn from two different cohorts. Cohort I originated from a hospital-based cohort study for pregnancy and its outcomes at Ewha Womans University Hospital, Seoul, Korea. (Figure 1 ). Of these 102 participants, 42 (41.2%) were preterm (infants born before 37 weeks from the first day of the last menstrual period) and 22 (21.6%) were small for their gestational age (infants having birth weight below the 10th percentile for gestational age or 42 standard deviations below the mean for gestational age).
Data collection procedures
At the visit during the second trimester, gestational age was estimated based on the maternal report of the date of her last menstrual period and on ultrasound measurement performed by an obstetrician. Trained nurses in the delivery room routinely measure and record infant birth weight and height at birth on medical charts. The birth records of the infants in our two cohorts were collected, transferred to a cohort database then followed by data management procedure.
During the medical examination of the 3-yearolds, which took place in November 2005, the following parameters were checked: physical growth and blood pressure. The height (without shoes) was measured to the nearest 0.1 cm using a stadiometer. Weight was measured with the child in light clothing and without shoes to the nearest 0.1 kg using a well-calibrated weighing balance. The body mass index (BMI, kg/m 2 ) was then calculated from the measured weight and height. The subject was seated comfortably for 5 min, and then blood pressure was determined in duplicate, 5 min apart, on the left arm using a Dinamap vital signs monitor (Dinamap PRO 100, GE Healthcare, UK). The mean of the duplicate values was used for analysis.
Statistical analysis
Conditional weight gain and conditional BMI gain were used as terms for investigating the children's growth pattern. Since conditional growth variables take the growth difference between at birth and 3 years, divided by growth at birth, they yield the incremental weight gain per 3 years.
The population distribution among groups of birth weight, 3-year weight and conditional weight gain was sought by analysis of variance (ANOVA). Associations between growth variables and blood pressure at 3 years of age were assessed using the Pearson correlation test. Systolic blood pressure differences among quartile divided groups of birth weight along the 3-year weight and conditional weight gain were examined using two-way ANOVA. Linear regression was used to demonstrate the effect of growth variables on blood pressure at 3 years of age, adjusted for gestational age and sex. Regression coefficients are shown as means with 95% confidence intervals. Data analysis was carried out using the statistical package SAS (version 8.0).
Results
Of the 382 subjects in the birth cohort, 102 (24.2%) participated in the subsequent medical examination when they were 3 years of age; there was no significant difference between 3-year-old participants and nonparticipants at birth (Table 1) .
Of the entire study population, 47.5% were male, their average birth weight was 2.8 kg and the average gestational age was 36.9 days. Table 2 describes the characteristics of the study population who participated at the 3-year follow-up. The average weight at Table 1 Characteristics at birth of the study participants (N ¼ 102) and non-participants (N ¼ 280) Table 3 shows the growth pattern during their first 3 years. Those who had a low birth weight still had a low weight at 3 years old: 40% of the lowest birthweight group remained in the lowest-weight group after 3 years. However, conditional weight gain was larger for those with a lower birth weight; about 80% of the lowest birth-weight children were in the highest conditional weight gain group at 3 years of age. By comparison, 73% of those with the highest birth weight were in the lowest conditional weight gain group at 3 years. Twenty-two small for gestational age (SGA) children (601.17183.5) compared with the rest of subjects (481.87241.7) had higher conditional weight gain (P ¼ 0.15), 42 born as preterm subjects (659.47289.3) compared with the rest of subjects (401.2790.9) had higher conditional weight gain (Po0.001).
Systolic blood pressure was correlated with current weight and weight gain (r ¼ 0.41, Po0.001 for 3-year weight, Figure 2 ): however, birth weight and conditional weight gain had no significant correlation. Current BMI and BMI gain were also correlated with blood pressure (r ¼ 0.23, P ¼ 0.02 for 3-year BMI; r ¼ 0.11, P ¼ 0.25 for BMI gain), but there was no significant correlation with BMI gain during the first 3 years (data not shown). Twenty-two SGA children (94.071.6 mm Hg) compared with the rest of subjects (97.771.1 mm Hg) and 42 born as preterm subjects (96.879.9 mm Hg) compared with the rest of subjects (97.078.8 mm Hg) had lower systolic blood pressure without statistical significance.
However, even subjects in the group with the lowest current weight but highest conditional weight gain exhibited a similar systolic blood pressure (97.1 mm Hg) to those in the highest current-weight group (98.0 mm Hg; 3-year weight: P ¼ 0.03, conditional weight gain: P ¼ 0.48, Figure 3) . Similar patterns for BMI were also found (96.2 and 97.8 mm Hg, respectively).
From the regression analysis, blood pressure increased with current growth variables and conditional growth variables: after adjustment for sex, gestational age and height at 3 years of age, for each 100 g increase in current weight, systolic blood pressure increased by 0.2 mm Hg, and for every 100 units of conditional weight gain, systolic blood pressure increased by 1.5 mm Hg. Independently, systolic blood pressure increased by 1.7 mm Hg for every 1-unit increase in current BMI, and by 0.1 mm Hg for every 1 unit of conditional BMI gain after adjustment for sex and gestational age (Table 4) . There was no statistical significance between diastolic blood pressure and weight growth variable after adjustment for gestational age and sex.
Discussion
Small body size at birth has been shown as risk factor for CVD. A high prevalence of CVD among offspring with low birth weights had been found in many epidemiological studies. 8 These findings were supported by Barker's hypothesis of the developmental origins of adult disease. 9, [11] [12] [13] According to this hypothesis, sequential obesity of those born with a low birth weight results in an increased risk of CVD, diabetes, hypertension and stroke in adulthood. 6, 7, [14] [15] [16] It seems that persistent metabolic Postnatal catch-up growth in small children JW Min et al adaptations occur when a fetus is undernourished, resulting in the development of biological risk factors for raised blood pressure levels, altered glucose metabolism and dyslipidemia. [17] [18] [19] [20] [21] [22] [23] However, many recent follow-up studies have shown that this inverse relationship is modified by sequential obesity development during childhood, as a result of 'accelerated postnatal growth'.
14, 15 The effect of accelerated postnatal growth on CVD was examined in children who experience rapid gain after age 1 year. 7 It was suggested that sequential obesity in those born with a low birth weight results in an increased risk of hypertension in adulthood.
Our study provides evidence that accelerated postnatal growth is related to an increased risk of hypertension. Although Schack-Nielsen et al. 24 found no direct association between low birth weight and raised blood pressure in early life among cohorts, we did find that the postnatal weight gain relative to birth weight and the current 3-year-old child's weight significantly affects the risk of having higher blood pressure early in life. It is already well known that obesity is associated with hypertension, as a result of high levels of low-density lipoproteins and low levels of high-density lipoproteins, insulin resistance and increased endothelial dysfunction and inflammation. 25 There are also many studies showing consistently that obesity during childhood increases cardiovascular risks. [26] [27] [28] [29] [30] [31] Therefore, it should not be surprising that a child's weight is associated with blood pressure.
Recent studies have shown that in addition to childhood obesity, this postnatal growth acceleration in children or adolescents can raise their adult blood pressure. In one study, adult-onset hypertension was more prevalent among subjects who had the greatest increase in BMI from childhood (5-17 years) to adulthood. 32 Independent of birth weight, systolic blood pressure at 22 years of age was increased as a result of weight gain during early childhood up to 5 years of age, [33] [34] [35] [36] but no association was examined with weight gain up to 1 year of age. 33 It has been shown that postnatal changes in ponderal index from age 6 to 18 months were inversely associated with systolic blood pressure in adults. 37 Even in early childhood, our study shows that early postnatal growth acceleration can lead to an increase in the risk of raised blood pressure among young children, independently of their current weight.
There are some conflicting results regarding the relationship between birth weight and sequential childhood obesity. Some studies show that infants with a high birth weight appear to have an increased risk of subsequently becoming overweight. 4 In contrast, others show that a lower birth weight is associated with a subsequent rapid postnatal weight gain and greater fat body composition during the early years of postnatal life. 31, [38] [39] [40] [41] [42] Our study of children from birth to 3 years of age shows both trends. From the perspective of crude weight gain, young children with lower birth weights appeared to remain smaller than their peers whose birth weights were in the higher group. However, when we consider the conditional weight gain, children with lower birth weights subsequently belonged to the higher weight-gain group.
To summarize, accelerated childhood growth seems to be a risk factor for higher blood pressure during early childhood, especially in children born small. Our results are consistent with those of some other studies. [43] [44] [45] Eriksson et al. 7 reported that in the low ponderal index group, an annual increase in BMI from 3 years onwards was associated with an increased risk of disease. From these results, it is suggested that early postnatal growth acceleration can account for previous observations that support the fetal origins hypothesis. Since infants who are small at birth naturally show faster postnatal growth during the first 2 years, a factor that is associated with high blood pressure, it would seem that screening of sequential weight gain and blood pressure in premature children born with low birth weights would be appropriate.
Our study has some limitations. First, there is a possibility of selection bias due to the high rate of follow-up loss. Of 407 subjects born between September 2001 and November 2002 in the birth cohort, only 24.2% were followed up at the 3-year medical examination. Of these, 72.5% (N ¼ 74) were classified as being underweight at birth compared with the Korean standards (3.4 kg for men and 3.3 kg for women). This selective follow-up would only lead to the present results being an exaggeration of the true effect, however, if the associations were markedly weaker among nonparticipants. Second, the data from such a small participating cohort could be attributable to chance. Third, errors made during the measurement of length and weight may also have diluted the size of the calculated effect. Fourth, we did not consider the socioeconomic status of the family of the participants. 46, 47 Finally, as it was a hospital-based study, it may be inappropriate to extrapolate our results to the general population.
We do have a powerful strength; however, as this was a prospective cohort study, the data are subject to less bias from recall and old measurements, and may thus elucidate a true cause-and-effect association. In addition, we measured blood pressure during early childhood, demonstrating that proper monitoring should be started from a child's early days from the viewpoint of screening for vulnerable individuals.
In conclusion, our results suggest that greater risk for elevated blood pressure is on young children who experienced a small birth weight and subsequent catch-up during the early postnatal period. In addition, the rate of weight gain during early life influences weight status and subsequent blood pressure later in childhood. Therefore, risk screening of obesity and blood pressure elevation is required during infancy and the early childhood period.
